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Climatic niche divergence drives 
patterns of diversification and 
richness among mammal families
Adrián Castro-Insua  1, Carola Gómez-Rodríguez1, John J. Wiens2 & Andrés Baselga  1
A major goal of evolutionary biology is to understand why clades differ dramatically in species richness. 
A key to this challenge is to uncover the correlates of variation in diversification rate (speciation – 
extinction) among clades. Here, we explore the relationship between diversification rates and the 
climatic niches of species and clades among 92 families of terrestrial mammals. We use a time-calibrated 
molecular phylogeny of mammals and climatic data from 3335 species. We show that considerable 
variation in net diversification rates among mammal families is explained by niche divergence (59%) 
and rates of niche change (51%). Diversification rates in turn explain most variation in species richness 
among families (79%). Contrary to expectations, patterns of diversification are not explained by 
differences in geographic range areas of clades, nor by their climatic niche position (i.e. whether they 
are primarily tropical or temperate). Overall, these results suggest that speciation through climatic 
niche divergence may help drive large-scale patterns of diversification and richness. Our results help 
explain diversification patterns in a major clade of vertebrates, and suggest that similar underlying 
principles may explain the diversification of many terrestrial clades.
A fundamental goal of evolutionary biology and related disciplines is to understand why some clades have more 
species than others1. In general, differences in current species richness between clades will be explained by either 
their age (e.g., older clades with more species) or by differences in how quickly they have accumulated species 
(i.e., net diversification rate). The net diversification rate of a clade is the outcome of speciation and extinction 
over time2–4. Differences in species richness among clades of the same rank (e.g., families, phyla) seem to be 
explained largely by differences in these net diversification rates5. Therefore, to understand richness patterns 
among clades, it is essential to uncover the ecological and evolutionary processes that determine differences in 
diversification rates among clades.
Climatic niches may be one of the key factors that drive variation in diversification rates and species richness 
among clades. Every terrestrial species has a realized climatic niche, which is the set of large-scale temperature 
and precipitation conditions where that species occurs6–8. The realized climatic niche can reflect physiological 
tolerances to these climatic conditions, but can also be influenced by other abiotic and biotic factors. The climatic 
niche of a species may strongly influence where it can occur over space and time7, and thus may be critically 
important for both speciation (e.g., ecological speciation through climatic niche divergence9,10), and extinction 
(e.g., due to climate change). We can thus expect a relationship between patterns of variation in climatic niches 
across clades and their net diversification rates. In support of this idea, some studies have shown that the climatic 
regime where a clade occurs can influence its diversification rate (e.g., faster diversification in tropical clades11). 
Similarly, other studies have shown that the rate of change in climatic niches among species within a clade can be 
positively related to species diversification12–16.
Differences in climatic niche width among species and clades may also influence diversification rates. Climatic 
niche width is the range of climatic conditions where a species or clade occurs (e.g., maximum yearly temper-
ature – minimum yearly temperature across localities), for one or more climatic niche variables, instead of the 
values of the variables themselves. Gómez-Rodríguez et al.17 developed a framework to understand how climatic 
niche widths of species and clades might be related to diversification (and why). They outlined five competing 
hypotheses. First, the null hypothesis (H0) is that faster diversification rates lead to higher richness and higher 
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richness leads to wider clade niches, but only because a clade with more species should span more divergent 
climatic conditions due to sampling alone, all else being equal. This hypothesis predicts a relationship between 
diversification rates and family-level niche width, but also predicts that the levels of climatic niche divergence can 
be explained by sampling size alone (i.e. number of species). Second, if speciation occurs mostly due to climatic 
niche conservatism, a negative correlation between clade-level diversification rates and niche width is expected 
(H1). In this scenario, a narrower species niche would lead to more fragmentation of species ranges when barriers 
of climatically unsuitable habitats appear, and thus more opportunities for allopatric speciation18. Alternatively, if 
speciation is predominantly linked to climatic niche divergence9,10, a positive relationship between diversification 
rate and clade-level niche width is expected (H2). Another hypothesis (H3) suggests that a positive relationship 
between diversification rate and clade-level niche width could arise from reduced extinction rates in clades with 
wider species-level niches that buffer them from the negative impacts of climatic fluctuations. This hypothe-
sis minimally predicts a relationship between diversification rates and species-level niche widths. Alternatively 
(H4), wider family-level niche width could be indirectly related to diversification rate via a positive relationship 
between family-level niche width and the geographic extent of clades. Under this hypothesis, a larger geographic 
range area for a clade could lead to a larger range of climatic conditions experienced by its species, and the larger 
range area could more directly increase diversification rate by increasing the chances of allopatric speciation, 
or diminishing the probability of extinction19–22. This hypothesis predicts a relationship between diversification 
and family-level niche widths, but also predicts that there will be little unique effect of niche width when the 
area of each clade is accounted for statistically. Finally (H5), a relationship between diversification rate and niche 
width could also be the result of coincident geographic patterns of clade niche width and diversification rate. For 
example, tropical clades could be characterized both by narrower species-level niches for temperature-related 
variables23,24 and faster diversification rates than temperate clades, but with no causal relationship between niche 
widths and diversification rates.
Gómez-Rodríguez et al.17 tested these hypotheses using climatic, distributional, and phylogenetic data from 
amphibian species and families. They found that diversification rates of families were strongly and positively 
related to family-level niche widths, but weakly related to mean species niche widths of families. Additionally, 
the variable that explained the most variance in diversification rates of amphibian families (53%) was an indirect 
measure of niche divergence (i.e. families with narrow species-level niche widths but wide family-level niche 
widths). Taken together, the results were consistent with the hypothesis that diversification rates were strongly 
influenced by speciation linked to climatic niche divergence (H2).
In that study, niche divergence was quantified in absolute terms (i.e. present day differences in climatic niches 
between species in clades), ignoring the evolutionary rate of change. However, if niche divergence is linked to speciation 
and hence to diversification rate, then the rate of niche divergence over time should be associated with diversification 
rate even more strongly than with absolute niche divergence. Previous studies have tested the relationship between 
rates of climatic niche evolution and diversification in several groups, including the Cape flora13, plethodontid sala-
manders12, frogs16, all amphibians25, and birds14,15,26. A positive relationship was generally supported (but not across 
amphibians25). Likewise, absolute niche divergence was the strongest correlate of variation in diversification rate among 
amphibian families17. However, to our knowledge, no study has assessed the relative importance of absolute niche diver-
gence and rates of niche evolution in explaining variation in diversification rates among clades.
Here we perform such an analysis across mammals. Our results shed light on the ecological factors linked to 
patterns of macroevolution and species richness in a major clade of vertebrates. They also address whether clade 
diversification is more strongly related to the absolute differences in the environmental conditions occupied by 
the species in a clade or to the velocity with which they occupy different environmental conditions, and how these 
latter two variables are related.
We analyse diversification rates in mammal families (dependent variable), and their relationship to cli-
matic niche width, niche divergence, and rate of niche evolution (independent variables). Previous studies have 
addressed some related issues in mammals, but not the specific questions we address here. For example, Cooper 
et al.27 examined patterns of climatic niche evolution in mammals, and found that tropical, small-ranged, and 
specialized mammals tended to have slower rates of thermal-niche evolution than temperate, large-ranged, and 
generalist mammals (see also Cadena et al.28). However, they did not relate climatic niche evolution to patterns of 
diversification. Past studies showed that diversification rates in mammals are related to geographic or life-history 
factors (e.g., in Australian mammals21), trophic strategy29, and climatic niche width30, but did not address how 
much variation in diversification rates across mammals is explained by these variables. Latitudinal patterns in 
diversification rates among mammalian species and clades were also assessed in previous analyses, with the goal 
of explaining higher tropical species richness. These studies found higher diversification rates in tropical lineages 
at broad phylogenetic scales11, but not among genera31 or species32. However, they did not test if tropical distri-
bution helps explain patterns of diversification and richness among mammalian families. Other studies have 
addressed patterns of diversification over time across all mammals33–35 or at lower taxonomic levels36–39, but did 
not focus on the correlates of diversification rates or richness among clades.
Here we test the relationships between niche evolution and diversification using climatic, distributional, and 
phylogenetic data for 3335 terrestrial mammal species in 92 families. We explore the relationships between diver-
sification rates and: (i) average species niche widths within clades (families), (ii) clade-level niche widths (range of 
climatic conditions across all species within a family), (iii) absolute niche divergence among species within clades, 
(iv) rates of niche evolution within clades, (v) the mean position of the clade’s niche (e.g., tropical vs. temperate), 
and (vi) the geographic range area of the clade. Note that we treat diversification rate as the dependent variable, 
and therefore describe how much variation in diversification rate is explained by other variables (following stand-
ard statistical terminology). Nevertheless, we are initially neutral about the direction of causality underlying the 
relationship between niche divergence and diversification. However, by testing these alternate hypotheses we can 
gain insights on the causality and mechanisms involved (see Discussion).
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Materials and Methods
Climatic niche width. All range maps for terrestrial mammal species available from the IUCN database40 
were downloaded (n = 5285). This GIS database basically covers all described mammal species (5488 known spe-
cies, including marine species). By “terrestrial” we mean non-marine, and thus marine species and families were 
excluded (given that we lack climatic data for these species). Species climatic niches were estimated from their 
distributions, as the climatic conditions in which each species lives (a Grinnellian niche operationally estimated 
following Peterson et al.41). Specifically, climatic data at 2.5 arc-minutes (or approximately 4.5 km) resolution 
were downloaded from the WorldClim database42, and niches were estimated by extracting the climatic values 
in the geographic range of a species or clade using the package raster43 in R44. Details on the functions used are 
given in Appendix S1 in the Supplementary Material. Six variables were selected to represent the climatic niche of 
mammal species, following standard practice in similar studies17,24: annual mean temperature (BIO1), maximum 
temperature of the warmest month (BIO5), minimum temperature of the coldest month (BIO6), annual precip-
itation (BIO12), precipitation of the wettest quarter (BIO16), and precipitation of the driest quarter (BIO17). 
These variables represent annual means and extreme values of temperature and precipitation, so it is assumed that 
they can give a robust description of species’ climatic niches. Other climatic variables in the WorldClim dataset 
generally represent minor variations on these six.
For each species, the climatic niche width was calculated following Gómez-Rodríguez et al.17. The niche width 
for each variable and species was defined as the difference between the minimum and maximum values across 
the species’ geographic range (extracted for each grid cell). The overall climatic niche width for each species was 
then the product of the species’ climatic ranges (niche widths) multiplied across the six variables. The climatic 
niche could not be estimated for three species having very small geographic ranges in areas with no climatic data 
available. To allow the inclusion of variables in different units (temperature and precipitation) in niche-width 
estimation, niche widths for each species for each climatic niche variable were standardized considering the 
maximum and minimum values for that variable across all species. Thus, for each species i in a set of j species, the 
standardized climatic range (niche width) is:
= − −StRg [Rg min(Rg :Rg ]/[max(Rg :Rg ) min(Rg :Rg )],ji i 1 ) 1 j 1 j
with Rgi being the range of species i and max(Rg1:Rgj) and min(Rg1:Rgj) being the maximum and minimum val-
ues of the ranges in the set of j species, respectively. Additionally, for each species and each climatic variable, the 
average of all observed values across all the grid cells of the species geographic range was calculated. These mean 
values were used to define the species’ niche position. The niche width and niche position of each family were 
computed following the same protocol as above, considering the distribution area occupied by all the species in 
the family as the family’s distribution range.
We also explored an alternative approach, computing family niche width after summarising the six climatic 
variables through a principal components analysis (PCA). This yielded equivalent results. Specifically, the first 
two PCA axes accounted for 97% of the variance among the climatic variables, and family niche widths based on 
these two PCA axes were highly correlated (Pearson’s r = 0.937) with niche widths computed as described above 
(Appendix S12).
The mean species niche width for a family was computed as the average value of all the species’ climatic niche 
widths in that family. Finally, the geographic extent (in km2) of each family was also computed, again considering 
the union of the ranges of all the species in the family as the range. All GIS analyses were conducted in R using the 
packages rgdal45, geosphere46, maptools47, and raster43. Details on R functions are provided in the Supplementary 
Material (Appendix S1).
We acknowledge that outliers or erroneous localities could cause errors in our estimates of climatic niche 
width. However, this should be a source of random error, and not bias. Further, our use of range maps (rather than 
point localities) to estimate climate niche values should tend to ameliorate rather than exacerbate such effects.
Diversification rates. The net diversification rate for each family was estimated given the species richness 
and age of each family. The species richness of each family was based on the number of species in each family for 
which climatic niche data were obtained. These data include all species included in the IUCN40 database (with 
exception of three species for which the niche could not be computed) and guarantees that both family species 
richness and niche width are computed for exactly the same set of species. Ages of families were estimated from 
a time-calibrated phylogeny of mammals34. The phylogeny is based on a concatenated analysis of 26 genes, and 
the divergence dates were estimated incorporating autocorrelated evolutionary rates and hard-bounded age con-
straints. Although other mammal phylogenies are available, this phylogeny is based on extensive molecular data 
and is well-resolved at the family level. This phylogeny includes 164 mammal species, representing 147 terrestrial 
and marine families. Four terrestrial families (i.e. Aotidae, Lepilemuridae, Pitheciidae, and Platacanthomyidae) 
were not included in this phylogeny and were therefore excluded here. However, these four families collectively 
include only 80 species, and so their exclusion should have limited impact on the results. Diversification rates 
could be computed for all the terrestrial families included in the tree.
Family diversification rates were estimated following the method-of-moments estimator for stem groups 
described in Magallón & Sanderson48 (their equation 6). This method typically incorporates an assumed value of 
the relative extinction rate (ε = extinction rate/speciation rate) for calculating diversification rates:
ε ε= − +ε̂r t
n1 ln[ (1 ) ]
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ε̂r  represents diversification rate under a certain relative extinction fraction (ε), which accounts for the fact that 
only clades that survive to the present day are included (and thus might lead to bias in estimating rates). t is the 
family stem group age (i.e. the time of divergence between a family and its sister clade, so that the stem group age 
of two sister families is the same). n is the number of extant species in the family. Following standard practice, 
three different values for the relative extinction fraction were assumed (ε = 0, no extinction; ε = 0.45, intermediate 
rate; and ε = 0.9, high rate). Results were similar using all three values. Therefore, for brevity, only the results for 
ε = 0.45 are presented in the main text (see Appendix S3 in Supplementary Material for analyses using ε = 0 and 
ε = 0.9). We used the stem-group estimator because it is more accurate in simulations than the crown-group 
estimator and (unlike the crown-group estimator) is not affected by incomplete taxon sampling within clades49.
Some authors have claimed that the net diversification rate estimator requires that diversification rates must be 
constant within clades50,51, and that they should therefore only be used if there is a positive relationship between 
clade age and richness among clades. However, these authors did not actually address the accuracy of this estima-
tor. Simulations that did address its accuracy show that it yields strong relationships between true and estimated 
diversification rates, regardless of the relationship between clade ages and richness52 and regardless of whether 
rates are homogeneous or heterogeneous within clades49. Furthermore, this estimator will correctly reflect that 
young clades with many species have high net diversification rates (and older clades with fewer species have 
lower rates), regardless of variation in instantaneous diversification rates within clades over time. Simulations also 
show that diversification rates (speciation – extinction) can be informative for predicting richness patterns even 
when there are strong ecological limits on richness53. However, variation in diversification rates over time could 
potentially uncouple net diversification rates from clade richness4,52, for example, if fast rates in young clades fail 
to generate high richness due to declining diversification rates over time. Therefore, the relationship between 
diversification rate and species richness was assessed (see Appendix S5 in Supplementary Material) in order to 
test if the differences in diversification rates between families are relevant to explaining richness patterns4. We also 
conducted analyses using ln-richness instead of diversification rates as the dependent variable, as recommended 
by authors who argue that net diversification rates require constant rates within clades14,50,51.
We note that many possible approaches are available to analysing diversification. The approach that we use 
here focuses on estimating net rates for individual clades, which is our main focus. Therefore, the estimator that 
we used here should be the most appropriate for our research question. This is also the same estimator used in 
previous studies on this topic12,15–17, which allows our results to be directly compared to earlier studies.
Rates of niche evolution. Rates of niche evolution were calculated separately for each family and for both 
temperature and precipitation. Rates were calculated based on the phylogeny of species within each family, using 
species values for annual mean temperature (BIO1) and annual mean precipitation (BIO12), using average values 
across the range of each species. We focused on these two variables because they should reflect the most impor-
tant aspects of the species climatic distribution (e.g., BIO1: tropical vs. temperate; BIO12: arid vs. mesic), and 
more so than short-term, extreme values (BIO5, BIO6, BIO16, BIO17). For the phylogeny within each family, 
we used the species-level tree of mammals from Rolland et al.11 (their maximum clade credibility consensus 
tree). These authors generated this tree by redating the species-level tree of Bininda-Emonds et al.33 (as modified 
by Fritz et al.54) using dates from Meredith et al.34. They also randomly resolved polytomies in this tree using 
the method of Kuhn et al.55 to generate 100 trees, and then obtained a consensus tree from those 100 trees. We 
conducted analyses on this consensus tree. Only one terrestrial family (Diatomyidae) was not represented in this 
phylogeny. This tree includes 5020 terrestrial and marine mammal species.
The rate of niche evolution was estimated as the sigma parameter of a Brownian-motion model of evolution 
(for details see O’Meara et al.56). The lambda model of evolution57 actually showed a better fit both for BIO1 
and BIO12 than the Brownian-motion model (or than the Ornstein-Uhlenbeck [OU] model, see Table S6.1 in 
Supplementary Material), but the sigma parameter of a lambda or a OU model could only be computed for fam-
ilies with three or more species in the tree (76 families), which would further reduce the dataset. However, sigma 
values calculated using the lambda and Brownian-motion models have a strong, positive correlation (Pearson’s 
r = 0.90 for BIO1 and r = 0.80 for BIO12, see Fig. S6.1 in Supplementary Material), as expected given the close 
relationship between these models when lambda is high (i.e. fitted lambda = 0.89 for both BIO1 and BIO12, and 
lambda = 1 is the Brownian-motion model). Therefore, the sigma values for the Brownian-motion model were 
used, as they could be computed for more families. Furthermore, using the same set of families in all phylogenetic 
regressions is necessary in order to partition the variance among competing models. The sigma parameter was 
computed for all monophyletic families with two or more species in the tree with the command fitContinuous in 
the R package geiger58. All families that were monospecific (n = 20) or paraphyletic (n = 17) in the tree of Rolland 
et al.11 were excluded, since estimation of ages, richness, and rates of niche evolution and diversification would be 
problematic for these families. We also excluded two families that each had two species in the IUCN database but 
with only one of those species in the tree (Mystacinidae and Myzopodidae). Therefore, in all subsequent analyses, 
the dataset was composed of 92 families (spanning 3335 species).
We also performed alternative analyses to address whether our estimates of rates of niche evolution were 
affected by the algorithms used to resolve polytomies59. We tested the correlation between our niche-evolution 
rates (from the tree of Rolland et al.11) and an alternative set of rates for 18 mammal families computed from 
alternative trees. These trees were from Arnold et al.60, and included version 3 of the primates dataset (based 
on sequences from 17 genes) and version 1 of the Perissodactyla (15 genes), Cetartiodactyla (20 genes), and 
Carnivora (29 genes) datasets (see Appendix S7 in Supplementary Material). The niche evolution rates computed 
for these families from these two sources were strongly correlated (Pearson’s r = 0.91, P < 0.001 for temperature 
niche rate, and r = 0.70, P = 0.001 for precipitation niche rate). Therefore, we considered the estimates of niche 
evolution rate derived from the tree of Rolland et al.11 to be robust and used them in subsequent analyses. We 
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also note that the strong phylogenetic signal in the temperature and precipitation variables (see above) suggests 
that random resolution of polytomies within families has not strongly influenced our inferences of evolutionary 
patterns in these variables (i.e. if random resolutions had a strong effect, there should be limited phylogenetic 
signal instead of lambda values close to 1). Furthermore, random resolution of polytomies should have no impact 
on our estimates of diversification rates.
Phylogenetic regression. Regression analyses were conducted using phylogenetic methods to control for the 
effect of shared phylogenetic history on diversification rates and niche attributes among families61. We conducted 
phylogenetic generalized least-squares regressions62 (PGLS) using the R package caper63. We used lambda values 
estimated by maximum likelihood to transform branch lengths and with kappa and delta values both set to 1.
The relationship between family niche width and mean species niche width can indicate levels of niche diver-
gence among species within a family17. A PGLS between family niche width and mean species niche width was 
fitted and the residuals of this relationship were used as a proxy for niche divergence. With perfect niche conserv-
atism among the species in a family, mean species niche width and family niche width would be the same, with 
the residuals of the relationship close to zero. Therefore, residuals reflect non-overlap of species niches within 
families (i.e. niche divergence17). However, we acknowledge that this index may not be as informative as using 
direct estimates of rates of niche evolution, and comparing these indices is one of our goals here. For example, 
niche divergence ignores the phylogeny within clades, whereas rates of niche change incorporate this information.
Five linear regression analyses were conducted to evaluate the hypotheses presented in Gómez-Rodríguez et al.17  
Specifically, we assessed the relationships between diversification rate and (i) family niche width, (ii) mean spe-
cies niche width, (iii) family niche divergence, (iv) family niche position for each individual climatic variable 
(i.e. defined as the mean climatic conditions across the geographic range of the family), and (v) family geo-
graphic extent. Given that niche position was defined by six variables, a forward stepwise procedure was used to 
select the most parsimonious model (based on F-statistic) explaining diversification rate. We note that our index 
of family niche position is not weighted towards the climatic conditions where most species in a family occur. 
However, using an index that does include such a weighting (i.e. taking the mean of species means across species 
in each family) yields values of niche position that are strongly correlated with the index that we used (Pearson’s 
r between indices among families: BIO1 = 0.896, BIO5 = 0.875, BIO6 = 0.881, BIO12 = 0.830, BIO16 = 0.899, 
BIO17 = 0.785).
We also compared the explanatory power of niche divergence (the aforementioned residuals of family vs. 
mean species niche width) relative to the rate of niche evolution. First, a bivariate linear regression was conducted 
to assess the relationships between niche divergence and niche evolution rate for BIO1 (hereafter “rate of tem-
perature niche evolution”) and niche evolution rate for BIO12 (hereafter “rate of precipitation niche evolution”). 
Second, two linear regressions were conducted to test the relationships between diversification rate and rate of 
temperature niche evolution and rate of precipitation niche evolution. Third, we performed a multiple regression 
analysis including both temperate and precipitation niche rates as independent variables (this should be more 
comparable to niche divergence, which combines both temperature and precipitation). Finally, to partition the 
unique contribution of those models explaining an important portion of the variance in diversification rate (i.e. 
~20% or more), four models (i.e. family niche width, geographic extent, niche divergence, and niche evolution 
rate) were combined in a full model and variance partitioning was used to compute their unique and joint contri-
butions to the explained variance.
We performed null models in order to assess if the observed relationships between niche width and diversifi-
cation rate appear because families with more species span more divergent climatic conditions due to sampling 
alone (H0). We tested the relationship between (a) family niche width vs. mean species niche width, (b) diversifi-
cation rate vs. family niche width, (c) diversification rate vs. mean species niche width, and (d) diversification rate 
vs. niche divergence (residuals of regression “a”) using PGLS in the null families. We sampled with replacement 92 
null families with the same species richness as the original ones. Three different null models were considered: (1) 
species sampled from the pool of all mammal species (unconstrained model), (2) species sampled from the pool 
of species within the latitudinal and longitudinal range of the original family (spatially constrained model), and 
(3) species sampled from the pool of species within the original family climatic niche (climatically constrained 
model). We took 1000 samples of 92 null families and compared the distribution of the r2 of the aforementioned 
PGLS among these 1000 replicates with the observed r2 in the original families.
An additional robustness test was performed to ensure that results were not influenced by the different ages of 
clades. We defined major clades of similar age in the species-level tree of Bininda-Emonds et al.33 with dates from 
Meredith et al.34, regardless of whether they corresponded to a named higher taxon or not. Specifically, we went 
through the tree and identified the clades with stem ages that were closest to the average stem age of all families 
(41.65 Ma), but with the restriction that the clades selected were older than that mean age. We then computed 
climatic niches and niche evolution rates for these clades, excluding those that were monospecific (86 clades were 
used in these analyses). We conducted the same regression analyses and variance partitioning described before, 
with the richness of these clades as the dependent variable.
All variables (unless otherwise noted in the Results) were logarithmically transformed (natural logarithm) to 
improve the normality of model residuals. All analyses were conducted in R. Raw data (e.g., diversification rates, niche 
widths, niche evolution rates) used for statistical analyses are provided in the Supplementary Material (Appendix S2).
Data Availability. Range maps of mammals are available at http://www.iucnredlist.org/technical-documents/
spatial-data. Two published mammal phylogenies were used (species-level phylogeny in Rolland et al.11 and 
family-level phylogeny in Meredith et al.34). Climatic data were obtained from http://worldclim.org/current 
(Hijmans et al.42).
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Results
A positive and strong relationship was observed between family niche width and mean species niche width 
(r2 = 0.73, F1,90 = 243.8, P < 0.001, n = 92 families, Fig. 1A). The relationship between diversification rate and 
family niche width was positive and significant (r2 = 0.20, F1,90 = 22.92, P < 0.001, Table 1, Fig. 2A). In contrast, 
there was not a significant relationship between diversification rate and mean species niche width (r2 < 0.001, 
F1,90 < 0.001, P = 0.99; Table 1, Fig. 2B). A strong positive relationship (r2 = 0.59, F1,90 = 130, P < 0.001; Table 1, 
Fig. 2C) was observed between diversification rate and absolute niche divergence (i.e. the residuals of the family 
niche width vs. mean species niche width relationship). A significant, positive relationship was also observed 
between diversification rate and geographic extent (r2 = 0.19, F1,90 = 21.65, P < 0.001; Table 1, Fig. 2E) and a weak 
negative one with niche position (r2 = 0.07, F1,90 = 6.341, P = 0.014; Table 1, Fig. 2D). Niche position was defined 
by the minimum temperature of the coldest month (BIO6) after a forward stepwise procedure to select the most 
parsimonious model (see Appendix S8 in Supplementary Material). However, both geographic range area and 
niche position explained little variation in diversification rates relative to climatic niche divergence. There was a 
strong positive relationship between diversification rate and species richness of families (r2 = 0.79; F1,90 = 342.7, 
P < 0.001).
Niche divergence showed a positive relationship with rates of temperature and precipitation niche evolution 
in a bivariate model (r2 = 0.50, F2, 89 = 44.87, P < 0.001). This shows that greater niche divergence among species 
within a family is generally related to a higher rate of niche evolution in that family. A strong positive relation-
ship was also found between diversification rate and rate of temperature-niche evolution (r2 = 0.38, F1,90 = 55.04, 
P < 0.001; Table 1, Fig. 2F) and rate of precipitation-niche evolution (r2 = 0.44, F1,90 = 69.31, P < 0.001; Table 1, 
Fig. 2G). A multiple regression model including rates of both temperature and precipitation niche evolution 
explained more than half of the variation in diversification rates (r2 = 0.51, F1,89 = 46.73, P < 0.001), similar to the 
level explained by niche divergence.
A model assessing the relationship between diversification rate and all independent variables explaining an 
important portion of its variance was also tested. These independent variables included family niche width, geo-
graphic extent, rate of niche evolution (with temperature and precipitation rates as independent variables), and 
niche divergence from the residuals of the regression of family niche width vs. mean species niche width. This 
model explained a large proportion of the variation in diversification rates (r2 = 0.65, F5,86 = 31.55, P < 0.001). 
Variance partitioning (Fig. 3) showed that most of the variance explained by this model (64.7% explained 
Figure 1. Scatterplots of the relationship between family niche width and mean species niche width (A) and 
between niche divergence and rate of temperature niche evolution (B) and rate of precipitation niche evolution 
(C). Note that the residuals of the model represented in Figure A correspond to the variable defined as “niche 
divergence”. Phylogenetic generalized least-squares models are superimposed. All variables (except niche 
divergence) are ln-transformed.
r2 F P Slope (95% CI)
Family niche width 0.20 22.92 <0.001 0.129 (±0.053)
Mean species niche width <0.001 <0.001 0.99 −0.000 (±0.075)
Niche divergence* 0.59 130 <0.001 0.384 (±0.066)
Niche position* 0.07 6.34 0.014 −0.002 (±0.002)
Geographic extent 0.19 21.65 <0.001 0.261 (±0.110)
Rate of temperature niche 
evolution 0.38 55.04 <0.001 0.204 (±0.054)
Rate of precipitation niche 
evolution 0.44 69.31 <0.001 0.253 (±0.060)
Table 1. Results from univariate phylogenetic generalized least-squares models testing the relationship between 
diversification rate (ε = 0.45) and different attributes of the family niche as well as with the geographic extent of 
the family. Significant P-values are marked in bold. F-values for 1 and 90 degrees of freedom, and the slopes of 
the relationships with a 95% confidence interval are also provided. *Variable not ln-transformed.
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variance) was shared among the variables (46.3%). The variance explained exclusively by family niche width 
(0.5%) and geographic extent (0.5%) was negligible, and relatively low for rates of niche evolution (5.1%). Niche 
divergence was the variable with the largest unique contribution (12.4%). Most of the variance was shared 
between niche divergence and niche evolution rate (26.4%) and between all variables (14.5%).
Figure 2. Scatterplots showing the relationships between diversification rate and family niche width (A), 
mean species niche width (B), niche divergence (C), niche position (D), geographic extent (E), rate of 
temperature niche evolution (F) and rate of precipitation niche evolution (G). Phylogenetic generalized least-
squares regression lines are superimposed. All variables (except niche divergence and niche position) are ln-
transformed.
www.nature.com/scientificreports/
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To assess the robustness of our results regarding the estimates of diversification rates, the full model was 
conducted with species richness instead of diversification rate as the dependent variable, and results were similar. 
Family richness was strongly and positively related to niche divergence (r2 = 0.70, F1,90 = 207.9, P < 0.001), rate of 
temperature niche evolution (r2 = 0.34, F1,90 = 45.47, P < 0.001) and precipitation niche evolution rate (r2 = 0.38, 
F1,90 = 55.43, P < 0.001). In a variance partitioning of a full model, niche divergence was again the variable with 
the largest unique contribution (21.9%). Most of the variance was shared between niche divergence and rates of 
niche evolution (25.4%; see Appendix S4 in Supplementary Material).
In the null models (unconstrained, geographically constrained, and climatically constrained) in which we 
sampled 1000 replicates of 92 null families, the relationship between diversification rate and mean species niche 
width and between diversification rate and family niche width was generally stronger than the observed rela-
tionship (see Appendix S11). However, the relationship between diversification rate and niche divergence was 
comparable to the observed relationship only in the case of the unconstrained model (P = 0.056), and was weaker 
in the spatially and climatically constrained models (P <= 0.002 in both cases). The r2 in the relationship between 
family niche width and mean species niche width was higher in the null models (P <= 0.011 in the spatially and 
climatically constrained models), except in the unconstrained null model (P = 0.428). These results suggest that 
the observed relationship between diversification rate and niche divergence between species within families is 
comparable to sampling these species from the pool of all mammals, from any biome or world region.
We then used major clades stemming from the nodes closest to (but older than) the average family age 
(41.65 Ma) instead of families as units of analysis. Using these clades (mean stem age = 54.7 Ma, standard devia-
tion = 20.2, n = 86), strong positive relationships were again found between clade richness and niche divergence 
(r2 = 0.58, F1,84 = 114.9, P < 0.001), rate of temperature-niche evolution (r2 = 0.46, F1,84 = 70.47, P < 0.001) and rate of 
precipitation-niche evolution (r2 = 0.46, F1,84 = 72.79, P < 0.001). Partitioning of variance in species richness among 
all predictors also yielded results similar to those reported above (Appendix S9 in Supplementary Material).
Discussion
Overall, our results show that two measures of niche change among species within clades (absolute climatic niche 
divergence and rates of climatic niche evolution) are each strongly related to diversification rates among mammal 
clades. In regression models, absolute climatic niche divergence and rates of climatic niche evolution each explain 
over half of the variation in diversification rates among mammal families. Diversification rates in turn explain 
most (79%) of the variation in species richness. These results parallel those for amphibians16,17 and birds15, and 
together they suggest that changes in climatic niches are broadly important in understanding large-scale patterns 
of diversification and richness. We also show here that our measures of absolute niche divergence and climatic 
niche rates are strongly related, and explain similar amounts of variation in diversification rates.
These results are consistent with the hypothesis that speciation by climatic niche divergence is common and 
important64,65 (H2). Support was not found for the hypothesis that most speciation is linked to climatic niche con-
servatism (H1), since that hypothesis predicts a negative relationship between diversification rate and family-level 
niche width. The hypothesis that families with broader species-level niche widths have lower extinction rates (lead-
ing to higher diversification rates, H3) was also not supported, as this hypothesis predicts a strong relationship 
between diversification rate and mean species niche width17. We found that families containing species with wider 
niches do not tend to have higher diversification rates (and diversification rates reflect both speciation and extinc-
tion). Likewise, the unique contribution of geographic extent was negligible. Thus, even though the variation in 
diversification rate explained by family niche width and geographic extent was very similar, there was no strong 
support for geographic extent influencing diversification rates (H4). Surprisingly, only weak support was found 
for the hypothesis linking diversification rate and climatic regime (e.g., tropical vs. temperate; H5). This lack of a 
Figure 3. Venn diagram showing the results of variance partitioning on a full model of diversification rate with 
family niche width (NW), geographic extent (GE), niche divergence (ND), and niche evolution rate (NE) as 
explanatory variables. Results are shown as percentage of explained variance.
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clear relationship is consistent with some previous studies in mammals31,32, but not others11. These discrepancies 
may be due to the different taxonomic levels at which analyses were performed. For example, our results include 
most mammal families and disagree with those from mammalian orders11, but that study only included the eight 
most species-rich orders, and did not include direct data on climate. We also did not find any evidence of narrower 
species-level niche widths being associated with higher diversification rates30. In this case, the discrepancies with 
previous studies may be due to methodological differences. Specifically, our measure of niche width was contin-
uous and not a binary (i.e. specialist/generalist) and we analysed data at the level of families and clades, and not 
at the species level (as in Rolland & Salamin30). Furthermore, this previous study30 did not address the potential 
impact of narrower temperate niches in the tropics23,24 on their results (i.e. their results may reflect the impact of 
occurrence in the tropics on diversification, not niche widths directly: see H5 above). Overall, given these results, 
we favour the hypothesis that large-scale patterns of mammalian diversification are strongly influenced by a rela-
tionship between climatic niche change and speciation. The role of climatic niche divergence in mammalian spe-
ciation could be further explored by more detailed analyses within these families, such as looking for non-overlap 
in climatic niche models of sister species65. Furthermore, the relative roles of speciation and extinction in driving 
these overall patterns of diversification could be explored with additional clade-level analyses (e.g., analysing clades 
with well-sampled, species-level phylogenies using methods that estimate separate speciation and extinction rates).
Based on our results, we speculate that it is most likely that climatic niche change drives diversification rather 
than vice versa. It is very difficult to devise a plausible mechanism whereby diversification drives niche change 
that is not ruled out by our results. Clades could speciate with little change in their climatic niches, through niche 
conservatism, divergence on non-climatic niche axes, and/or non-ecological speciation processes. However, such 
processes should not generate a strong relationship between diversification rate and niche change. In theory, 
higher species richness of clades could lead to greater climatic niche divergence through geographic spread alone. 
Thus, the more diversification, the more divergence in climatic niches. But again, this should not increase the 
rate of climatic niche change (i.e. if niche divergence is a passive byproduct of speciation and range expansion). 
Furthermore, this scenario should generate a strong relationship between diversification rate, niche divergence, 
and clade range extent (area). Our results do not support this idea, as niche divergence has a strong relationship 
with diversification rate that is independent of clade area. In addition, the fact that the relationship between diver-
sification rate and niche divergence is significantly stronger than would be expected under null assumptions (see 
Appendix S11) suggests that there are other mechanisms that link niche divergence and diversification rate other 
than families with more species having more divergent climatic niches due to sampling alone.
Our study includes two similar measures of climatic niche change within families (absolute climatic niche 
divergence and climatic niche evolution rates). These measures are significantly related, and explain similar 
amounts of variation in diversification rates. However, most previous studies have focused on niche evolution rate 
rather than absolute niche divergence. The positive relationship between diversification rates and rates of climatic 
niche evolution has been found in other groups (e.g., in plethodontid salamanders12, in the plant genus Babiana 
in the Cape flora13, in birds15, and in frogs16). These results suggest that families with faster rates of climatic niche 
evolution might diversify faster due to niche divergence promoting speciation or climatic niche lability buffering 
families from extinction (e.g., due to climatic fluctuations12). As mentioned above, we favour the hypothesis that 
niche divergence drives speciation, but this should be verified with additional species-level and clade-level anal-
yses (e.g., estimating speciation and extinction rates separately).
Interestingly, in mammal families, faster rates of climatic niche evolution are not associated with species hav-
ing narrower niche widths, as there is no relationship between rates of climatic niche evolution and mean species 
niche widths (see Appendix S10 in Supplementary Material). Other studies have found weak or positive relation-
ships between niche width and rates of niche evolution (e.g., in salamanders66). They have also found faster rates 
of temperature niche evolution in temperate species, which typically have wider temperature niche widths (e.g., 
in mammals27, birds26, and across plants and animals67).
Our results showing the importance of climatic niche divergence for mammalian diversification might be 
seen as conflicting with previous studies showing broad-scale climatic niche conservatism in mammals27,68. For 
example, Buckley et al.68 suggested that global patterns of species richness in mammals were explained by phy-
logenetic conservatism in climatic niches. However, their study did not analyse diversification rates among clades. 
Furthermore, our results do show strong phylogenetic conservatism in climatic variables across all sampled mam-
mal species (lambda = 0.89 for both BIO1 and BIO12). Most importantly, our results suggest that clades with 
higher diversification rates have faster rates of climatic niche divergence: this means that some clades show con-
servatism whereas others show rapid climatic niche divergence (and the latter diversify more quickly). Similarly, 
studies in plethodontid salamanders have also found that climatic niche conservatism drives spatial richness pat-
terns69,70 whereas climatic niche divergence drives differences in diversification rates among clades, with stronger 
conservatism in clades that diversify more slowly12.
There are several potential sources of error in our study, but none that should overturn our major conclusions. 
First, climatic niches were estimated using geographic data from species range maps. Range maps are based on 
interpolations of locality data, and some maps might span grid cells outside the actual species range. On the other 
hand, use of range maps samples niche variables equally from of all parts of the species range, whereas estimating 
mean niche variables from locality data alone might over-represent some parts of the range relative to others. 
Thus, the use of range maps should be less problematic. Second, the climatic variables were measured at a slightly 
larger spatial grain than in some previous studies (~4.5 km vs. 1 km). This larger grain size might contribute some 
random error to the climatic data, especially for species that occur in montane tropical regions where climate 
varies extensively over small spatial scales. However, it seems very unlikely that these errors could introduce a 
systematic bias that explains the strong relationship between diversification rate and climatic niche divergence 
reported here. Third, the phylogeny and divergence dates within and between mammalian families may not be 
fully accurate, leading to potential errors in estimating diversification rates and rates of niche evolution. But again, 
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it is unclear how random errors in clade ages could generate a significant non-random relationship between 
diversification rates and climatic niche variables. Similarly, even if all the estimated ages were non-randomly 
biased (e.g., older than the actual ages), this would not necessarily overturn our conclusions (i.e. younger clades 
with high richness would still have high diversification rates). Furthermore, we used alternative measures of 
diversification (richness) and niche change that do not depend on the phylogeny or clade ages, and found that 
they gave similar results to the phylogeny-based measures. Fourth, some authors have claimed that the use of 
these net diversification rate estimators requires that rates of diversification are constant within clades50. However, 
the stem-age estimators require only clade age and richness (and yield the same net rate regardless of whether 
rates are constant or variable within clades over time or among subclades), and the overall accuracy of these esti-
mators is supported by recent simulations52 including ones that incorporate heterogeneous rates within clades49. 
We also show that diversification rates are strongly linked to richness patterns across mammalian families, and 
that we obtain similar results using richness instead of diversification rates.
In summary, our results here shed light on patterns of variation in diversification rates in one of the major 
clades of vertebrates. We find that two related measures of niche change within families (rates of climatic niche 
evolution and climatic niche divergence) each explain >50% of the variation in diversification rates among mam-
malian families. These results suggest that climatic niche divergence may be broadly important for speciation in 
mammals, given that our results are less consistent with alternative hypotheses to explain this relationship. More 
broadly, our results are similar to those from parallel analyses in plants13, amphibians12,16,17, and birds15. The 
similarity in results is particularly intriguing given the very different biologies of plants and animals and the very 
different physiologies and ecologies of amphibians and mammals (i.e. predominantly terrestrial endotherms vs. 
ectotherms that are typically at least partially aquatic71). Given these results, we speculate that similar processes 
might explain patterns of diversification and species richness in many other major clades across the Tree of Life.
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